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The search and the probe of the fundamental properties of Higgs boson(s) and, in particular, the 
determination of their charge conjugation and parity (CP) quantum numbers, is one of the main 
tasks of future high-energy colliders. We demonstrate that the CP properties of a Standard Model- 
like Higgs particle can be unambiguously assessed by measuring just the total cross section and the 
top polarization in associated Higgs production with top quark pairs in e^e~ collisions. 
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We are at last entering the long awaited era, with the 
Large Hadron Collider (LHC) starting operation, of prob- 
ing the mechanism by which the electroweak symmetry 
of the Standard Model (SM) of strong, weak and elec- 
tromagnetic interactions is broken to provide masses for 
elementary particles. The SM makes use of one isodou- 
blet complex scalar field which, after the spontaneous 
breaking of the SU(2)l x U(1)y symmetry, generates the 
weak gauge boson and the fermion masses and leads to 
the existence of one single spin-zero particle, the Higgs 
boson H, that is even under charge conjugation and par- 
ity (CP) [H, [!]■ In extensions of the SM, the Higgs sector 
can be non-minimal and, for instance, the minimal su- 
persymmetric extension (MSSM) is a constrained two- 
Higgs doublet model (2HDM), leading to a spectrum of 
five Higgs particles: two CP-even h and H, a CP-odd A 
and two charged bosons [3, Q . 

Once a convincing signal for a Higgs boson has been 
established at the LHC, the next important step would 
be to determine its properties in all possible detail and to 
establish that it has the features that are predicted in the 
SM, that is: it is a spin-zero particle with the J^^ = 0++ 
assignments for parity and charge conjugation and that 
its couplings to fermions and gauge bosons are propor- 
tional to their masses. Ultimately, the scalar potential re- 
sponsible for symmetry breaking should be reconstructed 
by measuring Higgs self-couplings. To achieve this goal, 
besides LHC preliminary analyses [3] , the complementary 
high-precision measurements of the International Linear 
e+e" Colhder (ILC) would be required [1,0]. 

While the measurements of the spin, mass, decay width 
and couplings to fermions and gauge bosons of a SM- 
like Higgs boson are relatively straightforward [1, Q , the 
determination of its CP quantum numbers in an unam- 
biguous way turns out to be somewhat problematic [7] . A 
plethora of observables that can be measured at the LHC 
and/or ILC, such as angular correlations in Higgs decays 
into V — W,Z boson pairs 8, 9] or in Higgs production 
with or through these states [sj, llO| , are in principle sensi- 
tive to the Higgs spin-parity. However, if a Higgs boson 
is observed with substantial rates in these channels, it 
is very likely that it is CP-even since, even in the pres- 
ence of CP violation, only the CP-even component of 
the HVV coupling is projected out. The VV couplings 
of a pure CP-odd A state are zero at tree-level and are 



generated only through tiny loop corrections. 

The Higgs boson couplings to fermions provide a more 
democratic probe of its CP nature since, in this case, 
the CP-even and CP-odd components can have the 
same magnitude. One therefore needs to look at chan- 
nels where the Higgs boson is produced and/or decays 
through these couplings. At the LHC, discarding the pos- 
sibility of Higgs production in the main channel gg H 
which proceeds through heavy quark loops followed by 
H bb, T^T~ decays, that are subject to a rather large 
QCD background, one can only rely on Higgs produc- 
tion in association with top quarks, pp —^ ttH, followed 
by _ff ^ 77 and H — s- bb. Techniques to discriminate 
between the CP-even or CP-odd state or a mixture, by 
exploiting the differences in the final state particle dis- 
tributions in the production of the two states, have been 
suggested in Ref. [ll|. However these channels are ex- 
tremely difficult at the LHC: the CMS collaboration Q 
has shown that the H ^ bb signal cannot be extracted 
from the huge jet background while the decay channel 
^ 77 is too rare and the two-photon decays from 
all production channels need to be combined to have a 
reasonably high signal significance p^ . 

In the clean environment of the ILC, the decay H — > 
T+r^ can be exploited [but only for Mh <140 GeV when 
the branching ratio is significant] and the CP nature of 
the Higgs boson could be tested by studying the spin 
correlations between the the r leptons [H, [3]- However, 
the Higgs has to be produced in the strahlung process 
e^e^ —^ HZ and again, only the CP-even component 
of the HZZ coupling is projected out. The same argu- 
ment holds for a heavy Higgs when the decay H ^tt is 
kinematically accessible. 

One needs again to rely on Higgs production in the 



associated e'^e 



ttH process and in Ref. [15|, it has 



been suggested to take advantage of the different phase 
space distributions for scalar and pseudoscalar Higgs pro- 
duction, to determine the CP nature of the ttH coupling 
and to probe CP violation when both CP components 
are present. The key point is to slice the phase space 
in configurations which are sensitive to the different CP 
components of the Higgs couplings and the latter are sin- 
gled out, using appropriate weighting functions, with the 
additional requirement that the statistical error in the 
extraction of their coefficients is minimized. Besides the 
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fact that it is not entirely clear whether this technique 
is experimentally feasible (as no detailed simulation has 
been attempted yet) and/or statistically costly (as the 
production cross section for the process is not very large) , 
a simple physical interpretation of the difference between 
the behavior of a CP-even and CP-odd Higgs boson is 
lacking. Finally, let us recall that the determination of 
the Higgs CP quantum numbers can be performed un- 
ambiguously at the 77 version of the ILC [H, but, 
unfortunately, this option seems very remote. 

In this note, we propose a very simple and straightfor- 
ward way to determine the CP nature of a SM-like Higgs 
boson. In the associated production process e+e" — > ttH 
[itL ITsj l , the bulk of the cross section is generated when 
the Higgs is radiated off the heavy top quarks Ts] . Be- 
sides allowing the determination of the important Htt 
Yukawa coupling, we will show that the cross section, as 
well as the top quark polarization, behave in a radically 
different way for CP-even and CP-odd Higgs produc- 
tion. From the cross section measurement at two differ- 
ent energies and from the top quark polarization, one can 
exclude a CP-odd or a CP-even component of the Htt 
coupling with a very high confidence. A mixed CP state 
can be probed through simple CP-violating asymmetries 
for which we provide an example. 

In the SM, associated production of Higgs bosons with 



a pair of top quarks, e"* 



two sets of diagrams: those where the Higgs boson is ra- 
diated off the t, t lines and a diagram where the Higgs bo- 
son is produced in association with a Z boson which then 
splits into an pair; Fig. 1. However, it has been shown 
that the latter contribution is very small, amounting for 
< 1 TeV to only a few percent [l^l- In fact, since 
top quark pair production in e'^e~ collisions is known 
to be dominated by photon exchange, the bulk of the 
cross section is generated by the e+e^— >7*-^ ttH sub- 
process. Detailed simulations have shown that the cross 
section can be measured with an accuracy of order 10% 
for masses up to GeV 





FIG. 1: Feynman diagrams for the associated production of 
Higgs bosons with a top quark pair. 

For our discussion of a SM-like mixed CP Higgs state 
<&, we use the following general form of the tt^ coupling 
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where the coefficients a and b are assumed to be real; 
s\Y = sindw ~ — c^- One has a = 1, 6 = in the 
SM and a = 0, 6 7^ for a pure pseudoscalar. For the 
pseudoscalar case we take b — 1, consistent with a con- 
venient normalization a?' -\-b^ — 1 chosen for the general 
case for a Higgs with an indefinite CP. Note that a non- 
zero value for the product ab will signal CP violation in 
the Higgs sector. For the ZZ$ coupling, we will use the 
form, .9^z$ — —ic{eMz/swcw)9^'^ and for the numeri- 
cal analysis we chose c = a pL^] as c— 1(0) in the case of 



a CP-even (odd) Higgs boson. Thus, we will have only 
one free parameter b. Note, however, that this simple 
parameterization for a SM-like Higgs need not be true 
in, for instance, a general 2HDM, where a, b and c are 
three independent parameters. 

We have calculated the cross section for the production 



of a mixed CP Higgs state in the process e+e 



including the polarization dependence of the final state 
top quarks, using two independent methods: the helic- 
ity method in which the amplitudes are derived using 
the explicit form of the spinors and the Bouchiat-Michel 
method [2l| in which the squared amplitudes are calcu- 
lated with the trace technique. The lengthy results will 
be given elsewhere [2^ and, for the unpolarized total 
cross section, they agree with those given in Ref. [l8l |. 

Neglecting the small contribution of the diagram in- 
volving the ZZ$ vertex, the Dalitz density for the pro- 
cess, in terms of the energies xi^2 = '^Ei i/^, reads 
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ttH [18J, proceeds through 4Q/s 
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couplings given in terms of the charge Q j and the isospin 
. The expressions of the form factors F*2 for a scalar 
and pseudoscalar Higgs boson can be found in Ref. [18|] . 
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FIG. 2: The production cross sections aie^ e~ =^ tt"l>) for a 
scalar and a pseudoscalar Higgs boson as a function of -y/s for 
two masses A/<j, = 120 and 150 GeV (left) and for unpolarized 
and polarized beams as a function of the parameter h at 
^/s = 800 GeV with = 120 GeV (right). 

The left panel of Fig. [2] shows the production cross 
(1) section u(e^ e tt$) (in which all contributions of the 
diagrams of Fig. 1 are included), for a pure scalar (H 
with 6 = 0) and a pseudoscalar {A with b=l), as a func- 
tion of the cm. energy ^/s for a Higgs mass of A/$ = 120 
and also M$ — 150 GeV for which the $ ^ tt decays 
are no longer effective. As can be seen, there is a strik- 
ing difference in the threshold rise of the cross section in 
the scalar and pseudoscalar cases. In addition, for the 
same strength of the coupling, there is an order of 
magnitude difference between the H and A cross sections 
at moderate energies. It is only for very high energies, 
y/s ^ 1 TeV, that one reaches the chiral limit where the 
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two cross sections are equal, up to the small contribu- 
tion of the diagram with the ZZ^ coupling, as we have 
verified. Thus, these two features offer an extremely pow- 
erful discriminator of the CP properties of the spin-zero 
particle produced in association with the tt pair. 

The very different behaviors of the cross sections near 
the production threshold can be understood in terms of 
simple angular momentum conservation arguments. Very 
close to the energy threshold, the simultaneous demand 
of angular momentum and parity conservation implies 
that, for scalar and pseudoscalar Higgs production, the 
orbital angular momentum of the overall <t<i> system will 
be and 1, respectively. Thus, in the A case there will 
be a softer dependence on the deviation from threshold, 
p—X — lmtl \fs — M^I yfs, and the rise is slower. 

As a matter of fact, a look at the analytic expressions of 
the form factors Ff^i when expanded around threshold, 
gives for a light Higgs boson 
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The and dependence observed for the H and A 
case, respectively, is consistent with the above expecta- 
tion. The difference in the threshold behavior of the cross 
sections is strong enough such that its measurement at 
just two different cm. energies allows a clear determina- 
tion of the CP properties of the $ state. For instance, for 
M$ = 120 GeV, the ratios of the cross sections measured 
at Vs = 800 GeV and ^5 = 500 GeV is ~ 63 and ~ 7.5 
respectively, for the pseudoscalar and scalar cases. It is 
worth noting that taking such a ratio will make the con- 
clusion robust with respect to the effect of the top quark 
Yukawa coupling, the higher order radiative corrections 
or some systematic errors in the measurement. 

For the case of a Higgs boson $ with indefinite CP 
quantum numbers, it is instructive to study the h depen- 
dence of cr(e+e^ — > tt<i>) at a given energy and fixed M$. 
It is clear that the total cross section being a CP-even 
quantity depends only on 6^. The right-hand panel of 
Fig. [2] illustrates the sensitivity to the parameter 6, as- 
suming M$ = 120 GeV and = 800 GeV for unpolarized 
and polarized beams. For the latter, we assume the 
standard ILC values of Pg- = —0.8 and Pe+ = 0-6 which 
lead to an increase of the total rate by a factor of two. 

Due to its large decay width. Ft ~ 1.5 GeV, the top 
quark decays much before hadronization and its spin in- 
formation is translated to the decay distribution before 
being contaminated by strong interaction effects. The 
lepton angular distribution in the decay t bW — > Mi' 
is independent of any non-standard effects in the decay 
vertex and is therefore a pure probe of the ph ysic s associ- 
ated with the top quark production process [23|. Hence, 
it is interesting to see what probe of b is offered by the net 
polarization of the top quark; see also Ref. [l^ • We have 
calculated the degree of t-quark polarization Pt which, 
for unpolarized and polarized beams, is given by 



Pt 



(4) 



critL) + critR) ■ 

The left panel of Fig. [3] shows the expected polarization 
value as a function of y/s for the H{b = 0) and A{b = 1) 



cases, again for M$ = 120 and 150 GeV. The degree 
of top polarization is also strikingly different in the two 
cases and has again a very different threshold depen- 
dence. Further, since Pt itself is constructed as a ratio 
of cross sections, the conclusions drawn from its value, 
will not be subject to the effect of the possibly model de- 
pendent normalization of the overall tt^ strength, higher 
order corrections, etc. Pt, a P-odd quantity, receives 
contributions from the interference between the 7 and all 
Z-exchange diagrams; the one coming from the diagram 
involving the ZZ^ vertex being small. Since the par- 
ity violating effect for the emission of a (pseudo)scalar is 
controlled by the (vector) axial-vector Ztt coupling, one 
expects the ratios of Pt values away from the threshold 
to be the ratio of the two couplings, at/vt 3. Indeed, 
at ^/s = 800 GeV this ratio is about a factor of three as 
seen from both the panels in Fig.[3l The use of polarized 
initial beams does not affect these relative values, but 
increases the absolute value of the top polarization by a 
factor of three in each case as expected. 
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FIG. 3: The top quark polarization in the process e~ ti^ 
for a scalar and a pseudoscalar Higgs boson as a function 
of ^/s for two masses M$ = 120 and 150 GeV (left) and 
with unpolarized and polarized beams as a function of the 
parameter 6 at ^ = 800 GeV for = 120 GeV (right). 

The discussions so far show us clearly that the thresh- 
old behavior of the cross section as well as the measure- 
ment of the top polarization will allow a clear discrim- 
ination between a scalar and pseudoscalar Higgs boson. 
The next natural question to ask is how these observables 
may be used to get information about the CP-mixing; i.e. 
the value of b. As can be seen from Figs. [5] and [31 the 
^-dependence of the cross section around 6 = is much 
steeper than that of the polarization asymmetries. 

Ignoring systematical errors, the sensitivity of the ob- 
servable 0{b) to the parameter at & = 6o is Ab, if 
\0{b)-0{bo)\ = AO{bo) for |6-6o| < A6, where A0(6o) 
is the statistical fluctuation in O at an integrated lumi- 
nosity C. For the cross section a and the polarization Pj, 
the statistical fluctuation at a level of confldence / are 
given by Act = f^/ajl and APj = //vct£ x v^l - P^. 

The sensitivity Ab from the measurement of the cross 
section is displayed in Fig. H (left) for AU = 120 GeV, 
at = 800 GeV with £ = 500 fb"^ For polarized 
beams, it varies from 0.25 for H{b — 0) to 0.01 for A{b — 
1). This is a rather precise determination obtained from a 
very simple measurement. To put this in perspective, one 
may note that the study of correlations in ^ —^ tt decays 
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FIG. 4: The sensitivity of the cross section (left) and the top 
quark polarization (right) on the parameter b for M$ — 120 
at ^ = 800 with £. = 500 fb"^ 

yields a ~ 10% measurement of b (which is systematics 
dominated) assuming SM production rates, i.e. 6 = 0. 
Further, in the e~^e~ ti^ case, the sensitivity is very 
good for 6 = 1 while the $ ^ rr decays cannot be used 
anymore as A production through the AZZ coupling is 
strongly suppressed. The top polarization asymmetry 
is less sensitive to b and, for polarized initial beams, Ab 
varies from 0.8 near 6 = to 0.03 near 6=1; Fig. |4] (right). 



As mentioned before, the cross section and the degree 
of top polarization being CP-even, cannot depend lin- 
early on 6. On the other hand, observables depending on 
the sine of the azimuthal angle are linear in 6 and thus, 
can probe CP-violation directly. The up-down asymme- 
try of the antitop quark with respect to the top-electron 
plane is an example of such an observable. We have ex- 
plicitly checked that this asymmetry is indeed linear in 
the parameter 6 and can reach values of order 5% for 
M$ = 120 GeV at = 800 GeV. The non -zero value 
of the asymmetry is due to t he p resence of the channel 
involving the ZZ^ coupling [25|]. More details on the 
CP-odd asymmetries and the probe of CP-violation will 
be given elsewhere [22j . 

In summary: the total cross section and the top polar- 
ization asymmetry for associated Higgs production with 
top quark pairs in e+e^ collisions, e+e~ — > tt^, provide 
a very simple and unambiguous determination of the CP 
quantum numbers of a SM-like Higgs particle. 
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